ABSTRACT The effects of hemolymph sugar levels and carbohydrate metabolism on postfeeding diuresis in corn earworm moths, Helicoverpa zea (Boddie) were examined. High levels of ingested sucrose or the ingestion of nonmetabolizable sugars resulted in a reduced rate of diuresis. The magnitude of postfeeding diuresis appears to be dependent on the ability of the moth to metabolize ingested sugar after it has been passed to the hemolymph. Glycogen synthase (GS) and trehalose-6-phosphate synthase (TS) can reverse the increase in hemolymph osmolarity that accompanies sucrose digestion by the conversion of glucose to glycogen and trehalose. The level of fat body GS/TS activity correlates with differences in postfeeding diuresis between males and females and with changes in the magnitude of diuresis as moths age. These data suggest that the magnitude of postfeeding diuresis may ultimately depend on the enzymatic activities that control hemolymph sugar levels.
A PREVIOUS STUDY of adult female Helicoverpa zea (Boddie) documented the effect of meal size and hemolymph osmolarity on postfeeding diuresis (Bushman 1996) . Consistent with results from other studies, hemolymph osmolarity in H. zea exerts a regulatory effect on the rate of crop emptying (Gelperin 1966, Venkatesh and Morrison 1980) . Because the rate of crop emptying determines the rate at which ßuid can enter the hemolymph (via the midgut), regulation of crop emptying also exerts a controlling effect on postfeeding diuresis. In the case of nectar feeders, like adult H. zea, the principle solutes that alter hemolymph osmolarity will be components of ingested nectar or their breakdown products. While nectar composition can vary, sucrose is frequently the primary component (Kevan and Baker 1983) , and following sucrose digestion, glucose levels can be expected to rise in the hemolymph. Maintenance of hemolymph osmolarity within acceptable limits can be achieved by the enzymatic removal of glucose from the hemolymph through the synthesis of glycogen or trehalose. The enzymes responsible, glycogen synthase (GS) and trehalose-6-phosphate synthase (TS), share a common substrate: uridine 3Ј,5Ј-diphosphoglucose (UDPG), and their activities collectively result in a reduction in the number of osmotically active glucose molecules in the hemolymph (Friedman 1985) . Although these enzymes and aspects of their kinetics have been characterized in other insects (Friedman 1985 and references therein), the current study represents the Þrst documentation of their relationship to changes in postfeeding diuresis. In the current study, we extend our previous Þndings regarding sugar feeding and diuresis to adult male H. zea and examine the role of GS/TS activity in regulating diuresis in this species.
Materials and Methods
Helicoverpa zea used for this study were reared individually on a wheat germ diet (Southland Products, Lake Village, AR). Individuals were sexed as pupae and males and females were placed in separate cages. Insects were maintained under a photoperiod of 16:8 (L:D) h with a temperature regime of 30 Ϯ 1ЊC during photophase and 25 Ϯ 1ЊC during scotophase. Relative humidity was maintained at 75 Ϯ 10% during photophase and 85 Ϯ 10% during scotophase. Following eclosion, adults were held without access to food/ water unless otherwise noted.
For feeding/diuresis experiments, sugar solutions were freshly prepared in distilled water before each assay. Absorbent cotton was soaked with the sugar solution in a petri dish, and insects were allowed to feed to repletion from the soaked cotton. Insects were weighed before feeding, immediately following feeding, and again at 1 h postfeeding. All weights were measured on a Sartorius analytical balance to the nearest milligram. Insects were held individually in screen weighing cages during the assay. In addition, to su-crose solutions, a variety of hexoses (at a single concentration of 0.52 M) and distilled water were assayed for their effect on feeding behavior and postfeeding diuresis using day 1 males. For enzyme assays, moths were held without access to food/water until time of assay (starved) or were provided sucrose solutions of appropriate concentration ad lib until time of assay (fed).
Hemolymph osmolarities were determined using a Wescor vapor pressure osmometer on freshly collected hemolymph samples obtained from a small incision through the ventral intersegmental membrane of the abdomen. In some cases, hemolymph samples from several insects were combined to provide sufÞ-cient material for the osmotic pressure determination. Hemolymph from fed insects was taken 30 min postfeeding.
Glycogen synthase and trehalose-6-phosphate synthase both use uridine diphosphoglucose (UDPG) as a substrate, and their activities were measured collectively as UDP-releasing activity in an assay modiÞed from LeLoir and Goldemberg (1962) . Each assay used the total fat body dissected from a single moth. Fat bodies were dissected from adult abdomens, weighed, and homogenized in 100 l of a reaction cocktail containing glycogen, UDPG, glucose-6-phosphate, and B-mercaptoethanol, in Tris-HCl pH 8.2. Final volume of the homogenate was adjusted to 1,000 l with additional reaction cocktail and incubated for 15 min at 30ЊC (UDP releasing step). After the incubation, an aliquot of 100 l was removed and combined with 25 l of 0.02 M PEP (in 0.02 M TES, pH 7.6) and 25 l of pyruvate kinase (0.1 mg/ml in 0.02 M TES, pH 7.6) and incubated for 15 min at 30ЊC. Color generation was achieved by adding 1,000 l of 0.1% dinitrophenylhydrazine (DNPH) in 2N HCl, 10N NaOH, and 95% ethanol to the Þnal reaction mixture. Absorbance at 595 nm was measured, and total UDP released was determined from a standard curve. All reagents were obtained from Sigma Company.
Results
For each age group of adult male H. zea, meal size increased in a nonlinear manner as the sucrose concentration of the meal increased ( Fig. 1) . Indeed, it appears that above a threshold concentration of Ϸ0.25 M, meal size remains relatively constant over a wide range of sucrose concentrations. As the insects age meal size increased for each sucrose concentration tested. Meal size was signiÞcantly higher in day 3 adults than in day 1 adults at each sucrose concentration tested (t-test, for 0.28 M, t ϭ 6.637; for 0.40 M, t ϭ 2.694; for 0.52 M, t ϭ 4.898; for 0.74 M, t ϭ 2.858; for 1.12 M, t ϭ 8.057; P Ͻ 0.01, df ϭ 38 for each comparison). Meal size in day 2 adults was intermediate between that observed in day 1 and day 3 adults.
For each age group, weight loss in the Þrst hour following feeding decreased markedly as the concentration of the ingested meal increased (Fig. 2) . Weight loss following ingestion of the highest concentration sucrose is signiÞcantly reduced compared with that following ingestion of lower concentrations by analysis of variance (ANOVA) followed by BonferroniÕs test, for day 1, F ϭ 53.554; df ϭ 4, 95; P Ͻ 0.01; for day 2, F ϭ 33.808; df ϭ 5, 114; P Ͻ 0.01; for day 3, F ϭ 34.044; df ϭ 5, 114; P Ͻ 0.01). As with the meal size data, there was also a signiÞcant age-dependent effect on diuretic weight loss. Diuretic weight loss decreased signiÞ-cantly between day 1 and day 3 for each sucrose concentration tested (t-test, for 0.28 M, t ϭ 9.735; for 0.40 M, t ϭ 7.496; for 0.52 M, t ϭ 7.404; for 0.74 M, t ϭ 5.718; for 1.12 M, t ϭ 9.856; P Ͻ 0.01, df ϭ 38 for each comparison). Weight loss in day 2 adults was intermediate between that observed in day 1 and day 3 adults.
Measurements of day 1 adult hemolymph osmolarity before feeding and 30 min after meals of 0.40 or 0.52 M sucrose are reported in Fig. 3 . Hemolymph osmolarity increased signiÞcantly from premeal levels with increasing concentration of ingested sucrose (ANOVA followed by BonferroniÕs test, F ϭ 67.871; df ϭ 2, 74; P Ͻ 0.01).
A comparison of GS/TS activity in fat body of males and females is shown in Fig. 4 . There was no signiÞcant difference in fat body mass between males and females of the same age (Table 1 ; t-test, for day 1, t ϭ 0.4115, df ϭ 28, P ϭ 0.6838; for day 3, t ϭ 0.6028, df ϭ 18, P ϭ 0.5541). Males exhibited signiÞcantly higher enzymatic activity than females both as 1-and 3-d-old starved adults (t-test, for day 1, t ϭ 7.663, df ϭ 28, P Ͻ 0.01; for day 3, t ϭ 3.273, df ϭ 18, P Ͻ 0.01). In both sexes, GS/TS activity decreased signiÞcantly with age in starved adults (t-test, for males, t ϭ 9.116, df ϭ 21, P Ͻ 0.01; for females, t ϭ 6.388, df ϭ 25, P Ͻ 0.01). For both sexes, insects provided with unrestricted access to a 1.0-M sucrose solution from adult emergence until the time of assay (fed) displayed signiÞcantly greater GS/TS activity on day 3 than did starved adults of the same age (t-test, for males, t ϭ 3.903, df ϭ 18, P Ͻ 0.01; for females, t ϭ 5.448, df ϭ 18, P Ͻ 0.01).
Meal sizes elicited in day 1 males by 0.52-M solutions of a variety of hexoses are presented in Fig. 5 . Meals of glucose, fructose, or invert sugar (a 50:50 mixture of glucose ϩ fructose) were signiÞcantly larger than meals of all other sugars or distilled water (ANOVA followed by BonferroniÕs test; F ϭ 361.99; df ϭ 11, 228; P Ͻ 0.01). Diuretic weight loss following these meals varied depending on the sugar ingested (Fig. 6) . Postfeeding diuresis following meals of glucose, fructose, invert sugar, or distilled water was not signiÞcantly different, while that following meals of all other hexoses tested was signiÞcantly lower (ANOVA followed by BonferroniÕs test, F ϭ 518.83; df ϭ 11, 228; P Ͻ 0.05).
Discussion
The regulation of feeding behavior and postfeeding physiology in nectar feeders is complex and has been studied primarily in certain Diptera (Stoffolano 1995) . Mean Ϯ SEM, means in each male/female pair followed by the same letter are not signiÞcantly different by t-test at ␣ ϭ 0.05.
A previous study of adult female H. zea examined some aspects of meal size and composition and their effects on postfeeding diuresis (Bushman 1996) . In nectar feeding species such as H. zea, the crop generally serves as an impermeable storage site for the ingested meal. As in other nectar feeders, the rate of crop emptying in H. zea is reduced in response to increases in hemolymph osmolarity, presumably through a feedback mechanism controlling the muscular valve at the junction of the crop and midgut (Bushman 1996 and references therein). Meal contents can only reach the hemolymph after passage through the midgut, thus, diuretic weight loss ultimately depends on the rate of crop emptying. In the current study we extended previous results and examined one mechanism by which hemolymph osmolarity itself can be regulated following the ingestion of a sugar meal.
In adult male H. zea, meal size remains generally constant regardless of the sucrose concentration of the ingested meal (Fig. 1) . A markedly different response is exhibited in female H. zea, which ingest increasingly larger meals as sucrose concentration rises (Bushman 1996) . However, both sexes show a pattern of reduced diuretic weight loss as the sucrose concentration of the ingested meal increases ( Fig. 2; Bushman 1996) . As in females, hemolymph osmolarity in males increases following a meal, and this increase appears to depend on the sucrose concentration of the meal (Fig. 3) . We found it difÞcult to reliably obtain hemolymph samples uncontaminated by meal contents following large meals. In these cases the crop becomes so distended that it ruptures easily during hemolymph collection, and therefore we report osmolarity measurements from only two different sucrose meal concentrations. These data combined with those from the previous study of adult females indicate that increasing quantities of ingested sucrose result in increasingly elevated hemolymph osmolarities. Moreover, because higher concentrations of ingested sucrose correlate with reductions in diuresis during the Þrst hour after feeding, these observations suggest that hemolymph osmolarity is a signiÞcant factor in determining the magnitude of postfeeding diuresis. Further conÞrma-tion of the relationship between hemolymph osmolarity and postfeeding diuresis awaits a more detailed study of the microstructure of changes in osmolarity following feeding.
It is worth noting that despite similarities in general patterns of diuresis, a comparison of the data generated in this study with that previously reported for females (Bushman 1996) reveals that males exhibit greater diuretic weight loss across the range of sucrose meal concentrations tested. This difference between males and females may be related to differing adult behaviors. Males ßy in search of females for mating and must balance their need to meet energy requirements for ßight with the need to keep body weight within acceptable limits for efÞcient ßight. Given this need for mobility, an efÞcient diuretic response is important to clear excess water (and weight) from the hemolymph very quickly after feeding. For females, the metabolic demands of egg production may outweigh an immediate need for mobility and thus the relative immobility arising from a less efÞcient diuretic response might not present a major problem.
Several explanations for the difference in diuretic responses between males and females are possible. Males may possess Malpighian tubules that are more active or efÞcient than those of females or they may reabsorb less ßuid in the hindgut to achieve a greater diuretic weight loss than females. However, given the inverse relation between hemolymph osmolarity and postfeeding diuresis, it is also possible that males may have a more effective mechanism for regulating hemolymph osmolarity following ingestion of a sucrose meal. The activities of GS/TS result in the removal of glucose from hemolymph and a concomitant reduction in hemolymph osmolarity. Thus, an increased capacity to remove glucose from the hemolymph will result in more rapid crop emptying and subsequently, more rapid diuretic weight loss. GS/TS activity decreased with age in both males and females but remained signiÞcantly higher in males than in females for both day 1 and day 3 adults (Fig. 4) . These observations correlate well with the observed age-dependent decrease in diuresis in both sexes and the higher levels of postfeeding weight loss observed in males. Interestingly, the observed age-dependent decrease in GS/TS activity can be attenuated somewhat by providing the moths with access to a sucrose solution food source as they age (Fig. 4) . The decrease in GS/TS activity, therefore, is not purely an age-dependent change. Rather, it may be the result of a shift in metabolism away from ingested carbohydrates to the utilization of stored glycogen or fat reserves. By providing a constant source of ingested sucrose, the need for GS/TS activity remains elevated even as the insects age. Taken together, these data strongly suggest that GS/TS activity may play a signiÞcant role in regulating diuresis following feeding.
Feeding experiments with a variety of monosaccharides demonstrated that both meal size and postfeeding diuresis were dependent on the type of sugar present in the meal. Glucose, fructose, or a combination of the two elicited the largest meal sizes, presumably due to the speciÞcity of the chemoreceptors involved with feeding (Ramaswamy 1987) . Postfeeding diuresis was signiÞcantly reduced when sugars other than glucose or fructose were ingested, but remained high following ingestion of distilled water (Fig. 6) . These data are consistent with a model relating GS/TS activity with hemolymph osmolarity and subsequent diuresis. Ingestion of distilled water will not lead to increases in hemolymph osmolarity, while glucose and fructose can be removed quickly from the hemolymph by GS/TS. Sugars such as mannose may be less suitable as substrates for GS/TS. Moreover, the enzymatic conversion of those sugars into a suitable substrate for GS/TS may occur very slowly or in some cases not at all. Under those conditions, the increase in hemolymph osmolarity that occurs following feeding is more slowly reversed, leading to a decrease in the rate of postfeeding diuresis. Because of the role hemolymph osmolarity plays in controlling crop emptying, GS/TS activity may ultimately regulate rates of postfeeding diuresis in this species. While the weight loss data presented in Fig. 6 and the relationship of diuresis and sex-and age-dependent differences in GS/TS activity suggest a regulatory role for these enzymes, other factors may also be involved. Further evidence of such a role awaits an investigation of the effect of direct GS/TS inhibition on hemolymph osmolarity and postfeeding diuresis.
Hemolymph osmolarity has been shown to play a key role in regulating the rate of crop emptying in a number of nectar feeding insects (Gelperin 1966 , Thomson and Holling 1977 , Venkatesh and Morrison 1980 , Crailsheim 1988 , Bushman 1996 . We have examined one mechanism by which hemolymph osmolarity can be regulated in such species. Glycogen synthase and trehalose-6-phosphate synthase effectively remove glucose from the hemolymph following a sugar meal, thus lowering hemolymph osmolarity and allowing for more timely meal processing and diuresis. Changes in levels of activity of these enzymes correlate well with observed differences in diuresis between male and female H. zea and with changes in diuresis in both males and females as they age. Further studies to investigate the effects of GS/TS inhibition on hemolymph osmolarity and diruesis and to determine the role of these enzymes in other nectar feeding species are now under way.
